In In x Ga 1-x N epitaxial films with 0.37 < x < 1 and free electron concentrations in the 10 18 cm -3 range, strong resonant Raman scattering of A 1 (LO) phonon is observed for laser excitation in Raman scattering when excited above the direct band gaps. Examination of films with direct band gaps between 0.7 and 1.9 eV using laser energies from 1.9 to 2.7 eV shows that the resonance is broad, extending to up to 2 eV above the direct gap.
INTRODUCTION
InN and In-rich nitrides have been less well studied than GaN, AlN, and their alloys. However, there is increased interest in these materials, particularly after the recent discovery that InN has a relatively narrow gap of 0.7 eV [1, 2, 3] . Raman studies of III-V nitrides have been reviewed recently by Harima [4] . For hexagonal nitrides in the theory [5, 6] , particularly when a correction for the charge-density mechanism is included [4] . In a recent Raman study of n-InN by Inushima et al. [7] it was shown that a CPLOM does not form for free electron concentrations between 10 . Instead, it was reported that the A 1 (LO) phonon and the free carriers couple non-linearly, leading to a Fano-like lineshape and a quasicontinuous background scattering. Similar results were reported by Thakur et al. [8] and interpreted in terms of Landau damping of the electron plasmon and the coupling of the phonon to electron-hole pair excitations. There are also reports [7, 9] indicating that the relative Raman scattering intensity of the LO phonon relative to E 2 increases with decreasing laser energy in the range from 2.54 to 1.49 eV.
Here we investigate the coupling of the A 1 (LO) phonon to free electrons in In x Ga 1-x N alloys via Raman scattering using a range of laser excitation energies. It might be expected that at a sufficiently small value of x In x Ga 1-x N would be behave more like GaN (i.e., a CPLOM would be formed) than like InN. Instead, we find no evidence of a CPLOM down to x = 0.37. We also find strong resonant Raman scattering of the LO phonon relative to E 2 for laser excitation above the bandgap. Finally, multiphonon
Raman scattering of up to 5 LO phonons is observed in In 0.37 Ga 0.63 N.
EXPERIMENTAL
Epitaxial InGaN films were grown on the c-plane of sapphire substrates with a GaN buffer layer by molecular beam epitaxy [10, 11] . Film composition was determined by x-ray diffraction (XRD) and Rutherford backscattering spectrometry (RBS . We have shown elsewhere that energetic particle irradiation can be used to precisely control the electron concentration in InGaN films through the introduction of native donor defects [12, 13] . Here 2 MeV He range. Sample parameters are listed in Table 1 .
Raman spectroscopy was performed at room temperature in a quasi backscattering geometry using lines of either an Argon ion laser (2.41 -2.71 eV) or a HeNe laser (1.96 eV) as an excitation source. The collected light was not analyzed for polarization. Data were collected with either a double spectrometer with a photon-counting PMT, a single spectrometer with a holographic laser line filter and a cooled CCD, or a triple spectrometer with a cooled CCD. Spectra collected with different power densities (achieved by using either a point or line focus) were used to establish that the reported spectra are not affected by photogenerated carriers. Following Inushima et al. [7] , who obtained similar spectra for InN, the peaks are assigned to the E 2 and A 1 (LO) phonons, respectively. As x is decreased to 0.37, both peaks continue to be observed and shift to higher frequency with decreasing x. Notably, the relative intensity of the A 1 (LO) phonon peak increases with respect to that of the E 2 phonon for increasing Ga content. Figure 2 shows the Raman spectra of two films with x = 0.57 and 0.37 obtained at different laser excitation energies from 2.41 -2.71 eV. The relative height of the A 1 (LO) phonon clearly increases with decreasing laser energy. Figure 3 shows the intensity of the LO phonon scattering normalized to the height of the E 2 phonon graphed vs. E laser -E g for all of the films in examined in this study (data for InN from Inushima et al. [7] is also included). The relative A 1 (LO) intensity clearly increases as the laser excitation approaches the In x Ga 1-x N direct bandgap. The largest value shown in Fig. 3 is for In 0.37 Ga 0.63 N (E g = 1.9 eV) excited at 2.41 eV. Figure 4 shows a Raman spectrum obtained for this film using excitation very close to the band edge (1.96 eV). The A 1 (LO) peak is observable even against a strong photoluminescence background, although in this case the E 2 phonon could not be observed so that relative intensity could not be quantified.
RESULTS

Figure
The effect of the free electron concentration on the Raman spectra of In x Ga 1-x N was also investigated. ( Fig. 1) . For the lower mobility films used in the study (i.e. for x > 0.7), the electron plasma would be expected to be heavily damped. In this case, a single coupled CPLOM is predicted to occur. As the electron concentration (or, equivalently, the plasmon frequency ω p ) increases, the coupled mode frequency is predicted to first increase slightly, then decrease and become equal to ω LO at ω p ≈ ω LO , and finally approach ω LO at very high electron concentrations [6] . This behavior has been observed previously in ptype GaAs [15, 16] . The coupled mode is also predicted to be significantly broadened compared to that of the bare LO phonon. As shown in for x = 0.37. We conclude that the LO phonon does not couple directly to the electron plasmon in these cases, as well.
We are aware of two theoretical treatments of LO phonon scattering in InN. In the study of Inushima et al. [7] , it was observed that the shape of the A 1 (LO) phonon peak was slightly asymmetric to higher frequency and shifted to lower frequency by 3 -5 cm -1
as n was increased. These effects were interpreted in terms of a Fano resonance between the A 1 (LO) phonon and free carriers. Another interpretation has been provided by Thakur et al. [8] . In this treatment, it is proposed that the electron plasmon is Landaudamped and that the scattering near the LO phonon frequency is due to q-dependent coupling of the LO phonon to electron-hole pair excitations. A peak at the LO phonon frequency with an increasing asymmetry to lower frequency is predicted as n increases.
For the InGaN films studied here with 2.54 eV excitation (Fig. 5) , the A 1 (LO) phonon peak is somewhat asymmetric to lower frequency and increasing the electron concentration causes a slight (ca. 3 -5 cm -1 ) shift to lower frequency. The asymmetry is consistent with the treatment of Thakur et al. [8] but the small shift is more consistent with Inushima et al. [7] , although we note that the asymmetry could be due to alloyinginduced wavevector nonconservation that allows non-zone-center phonons from the LO branch to be observed. We conclude that our experimental data do not allow us to determine which theoretical treatment is more applicable to model the unusual behavior of the A l (LO) phonon in In x Ga 1-x N for 0.37 < x < 1.
Multiphonon scattering has been studied in GaN. Behr et al. [17] used excitation energies varying from 0.5 eV below E g to slightly above it and observed resonance effects for the E 1 (LO) and 2E 1 (LO) phonons. For excitation above the gap, multiphonon scattering up to m = 4 was observed and attributed to an outgoing resonance. It should be noted that, while observable, the higher order scattering fell off rapidly with m. As shown in Fig. 3 , resonant scattering of the A 1 (LO) phonon at the fundamental band gap in In x Ga 1-x N is evidently stronger and occurs over a wider energy range.
Strong multiphonon resonance Raman scattering similar to that shown for InGaN in Fig. 7 has been observed in a number of semiconductors. LO phonon overtones have been reported in II-VI compounds such as CdS (up to m = 9) [18] and ZnTe (up to m=7) [19] . The effect is less strong in III-V compounds studied to date with prior reports of overtones up to m = 3 for GaP and InAs [20] (m = 9 was observed for GaAs in strong magnetic field [21] ). There are a number of theoretical models that describe the resonance effect, which is attributed to electron-phonon coupling via the Fröhlich interaction [20] . We consider our results here using the cascade model for multiphonon resonant Raman scattering originally proposed by Martin and Varma [22] . The steps can, in this model, be written formally in terms of the rate of relaxation of the excitons via emission of one LO phonon, the damping of each exciton state, and the rate of phonon-assisted exciton recombination [23] , 
where the double sum is just over 0 and m, and Fig. 8 , the model is in reasonable agreement with the data for the three laser energies used. We note that this modeling is not applicable for the GaN multiphonon scattering reported by Behr et al. [17] because
for m > 2 (that is, a cascade mechanism was not possible). 
